Purification of Lactate Dehydrogenase Isoenzyme-5 from Human Liver
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We present a method for preparing human liver lactate dehydrogenase (Llactate:NAD+ oxidoreductase; EC 1.1.1.27) isoenzyme-5 by sequential ion-exchange chromatography, general-ligand (AMP analog) affinity chromatography, and preparative isoelectric focusing. The yield was 40%, with a 493-fold purification. The final specific activity was 458 kU per gram of protein. The preparation contained less than 0.2% of lactate dehydrogenase isoenzyme-4, was homogeneous by agarose gel electrophoresis and also by polyacrylamidegel electrophoresis at pH 8.9 and 6.9, and showed one major protein band (containing all the enzyme activity) and one minor anodic contaminant (containing no enzyme activity) by analytical isoelectric focusing. The enzyme had a mean p1value of 9.59 (SD 0.04) (n = 5) at 5 #{176}C. By comparison, the p1value of a preparation of rabbit lactate dehydrogenase-5 was 9.16 (5 #{176}C).
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During studies of the interaction between a lOWMr inhibitor of human lactate dehydrogenase (L-lactate:NAD oxidoreductase; EC 1.1.1.27) isoenzyme-5 (LD-5)2 found in the blood of hospital patients
(1), it became necessary to purify the isoenzyme.
A method involving a series of conventional procedures was available (2), but we decided to explore the possible application of newer techniques, such as isoelectric focusing and general-ligand affinity chromatography, to the purification of LD-5 from liver. Isoelectric focusing is known to be unsatisfactory for the isolation of LD-1 because this isoenzyme undergoes acid denaturation at its isoelectric point (3, 4) ; however, this does not occur with LD-5. General-ligand affinity chromatography has been successfully applied to the isolation of the human lactate dehydrogenase isoenzymes with an AMP-analog (5) (6) (7) or with a dye ligand (8) , but the isoenzyme homogeneity of the purified product has not always been satisfactorily demonstrated. Even when the purity of the isoenzyme has been examined, the techniques used have not necessarily been the most sensitive for the purpose.
For example, electrophoresis in polyacrylamide gel, which is almost universally used to examine the homogeneity and purity of the product, is relatively poor for examining LD-5, detecting less enzyme activity than does electrophoresis on agarose gel (9) . Moreover, the possibility of overlooking contamination from LD-4 is increased if polyacrylamide gel electrophoresis is used. Therefore, to ensure isoenzyme homogeneity, before using Hgts., MA 02194) fixed-angle rotor (8 X 50 mL), using an JEC PR-6000 refrigerated centrifuge at 4 #{176}C. After removing the supernate, we resuspended the pellet in the homogenizing buffer, using the same volume as previously described.
The suspended pellet was homogenized for about 1 mm and centrifuged as before.
(NH4) 2S04 fractionation.
We Cell (Amicon Canada Ltd., Oakvile, Ontario) and concentrated to 10 to 15 mL. After washing it sequentially with 1 and 2 mol/L NaC1 solutions and reequilibrating with eluting buffer, we could reuse this gel bed up to seven times.
DEAE-Sephadex A-50 chromatography.
The concentrated pool (10-15 mL) of the fractions from the DEAESephacel fractionation was applied directly to a 50 X 160 mm column of DEAE-Sephadex A-50 equilibrated with Tris/ EDTA buffer. The lactate dehydrogenase was eluted with the equilibrating buffer and used directly for the next step. We discarded this gel bed after use.
5'-AMP-Sepharose
4B chromatography. The pooled (50-100 mL) fractions from the previous step were applied to a 25 X 55 mm column containing 7.5 g of gel that had been washed and suspended in 0.1 mol/L phosphate buffer (pH 7.0 at 20 #{176}C). We perfused the gel successively with 100 mL of the equilibrating buffer, 100 mL of 0.5 mmol/L NAD, 100 mL of 40 mol/L NADH, and 200 mL of 0.4 mmol/L NADH (all in the equilibrating buffer). Lactate dehydrogenase activity was contained in the fractions eluted with the 0.4 mmol/L NADH solution.
We removed the NADH from the pooled fractions (up to 200 mL) containing LD-5 activity by ultrafiltration over the YM 10 membrane in the ultrafiltration cell, washing with about four cell volumes (800 mL) of Tris/EDTA buffer. Removal of NADH was considered complete when the 260-nm absorbance of the ultrafiltrate was <0.01 (initial values were >2.0). After removing the NADH, we concentrated the pool to 40 to 50 mL. After each elution cycle, we washed the gel sequentially with 250 mL of 0.1 mol/L Tris.HC1 buffer (pH 8.5, 20 #{176}C) containing 0.5 mol/L of NaCl per liter, 250 mL of sodium acetate buffer (0.1 mol/L, pH 4.5, 20 #{176}C) containing 0.5 mol of NaCI per liter, 250 mL of water, and finally with 250 mL of phosphate buffer (50 mmol/L, pH 7.0, 20#{176}C) containing 0.2 g of thimerosal per liter. The gel is stored at 4#{176}C in the phosphate/thimerosal buffer until required. We used the gel up to 15 times before there was marked leakage of enzyme during preliminary washing.
Preparative isoelectric focusing.
We used the 110-mL LKB 8101 Electrofocusing Column, cooled to 5 #{176}C. The bottom electrode of the column (the cathode) was immersed in a 1.67 mol/L sucrose solution containing 9.5 mol of NaOH per liter. We used an LKB 8121 Gradient Former to form a linear 1.36-0 mol/L sucrose gradient on top of the cathode solution. Per liter, the gradient solution contained a mixture of 12 and 6 g of LKB Ampholines pH 8-9.5 and pH 9-11, respectively. After adding Ampholine and adjusting the volume, we use the concentrated pool from the affinity column (Step 5) to form the less-dense solution in the gradient marker. The anode solution, 20 g of LKB Ampholine pH 6-8 per liter, was placed on top of the sucrose gradient.
We applied power for 36 h, at 900 V; the current at first was 28 mA, decreasing to about 2 mA by the completion of the run. We collected 2-mL fractions, determining pH (5 #{176}C 15 V/cm) at two pHs. At pH 8.9the run time was 7 h, the gel concentration was 70 g/L, and the gel and tank buffercontained 100 mmol of glycineand 90 mmol of Tris per liter. At pH 6.9 the run time was 22 h, the gel concentration was 50 g/L, and the gel and tank buffer contained 100 mmol of glycine and 45 mmol of Tris per liter. We inserted about 40 g of LD-5 into the 10-1iL sample well in each gel.
On completion of the separations-all subsequent procedures were done at room temperature-we immersed the gel in a fixing solution (35 g of 5-sulfosalicylic acid, 114 g of tnchioroacetic acid, and 150 mL of methanol, diluted to 1 L with water) for 1 h, stained it with 2.5 g of Coomassie Brilliant Blue R-250 per liter of destaining solution (filtered through Whatman
No. 1 paper before use) for 2 h, and destained overnight in 454 mL of methanol and 46 mL of glacial acetic acid diluted to 1 L with water.
Dialysis. We used either seamless regenerated cellulose tubing or dialysis at reduced pressure across a collodion sac (Mr cut-off, 12 000-14 000).
Determination ofKinetic Constants ofLD-5
We 
. Elution profile of lactate dehydrogenase from DEAESephacel
About 9000 U of lactate dehydrogenase, in 100 mU of Tris/EDTA buffer, was applied to the OEAE-Sephacel column.The volume of each fraction was 12 at. #{163}, lactate dehydrogenase activity: 0, absorbance at 280 nm: , absorbance at 412 nm. The bar indicates which fractions were pooled for further purification genase isoenzyme patterns at these stages are shown in Figure  1 .
Step 3. First ion-exchange chromatography stage. The material from
Step 2 was applied to a DEAE-Sephacel column. Figure 2 shows a typical elution pattern (after 18 h). The pooled fractions (about 200 mL) were concentrated, by ultrafiltration, to about 10 mL and applied to a DEAE-Sephadex column. The lactate dehydrogenase isoenzyme pattern of this material is also shown in Figure 1 . There was sometimes Because LD-5 exhibits substrate inhibition (in this case, when pyruvate concentration exceeds 2.5 mmol/L) we used the following expression (17) for calculations:
We used the computer program provided by Cleland (17) .
Results

Purification ofLD-5 from Human Liver
Steps I and 2. Crude extract and ammonium sulfate precipitation.
We processed 100-g quantities of human liver as describedin Materials and Methods. The lactate dehydro- of the preparation with LD-4, particularly at the trailing edge of the peak; when this contamination became marked, i.e., greater than 7% of the total lactate dehydrogenase activity, the gel was discarded.
Step 4. Second ion-exchange chromatography stage. The pattern for elution of this column, which proceeded overnight, is shown in Figure 3 . Hemoglobin contamination, as determined by absorbance at 412 nm, was less than after the first ion-exchange separation ( Figure 2 ) and the lactate dehydrogenase isoenzyme pattern was always a single band of activity (Figure 1) . By overloading the thin-layer agarose system, and knowing the detection limit of the fluorescent system (10 we could calculate the maximum detectable contamination of LD-5 by LD-4 activity. It is about 0.2%.
Step 5. Affinity chromatography stage. The size of this column was selected by prior experiments so that washing a LD-5 loaded column with 40 Mmoi of NADH per liter eluted less than 1% of the total LD-5 activity. The pooled fractions from the DEAE-Sephadex column (Step 4) were run into the 5'-AMP-Sepharose-4B column and then washed as shown in Figure 4 . Hemoglobin contamination of the sample (see Figure  3) appears to be washed out immediately. There is a slight leakage of lactate dehydrogenase activity (not exceeding 0.3% of the peak activity) during the 40 imol/L NADH wash. We pooled the fractions following the 0.4 mmol/L NADH elution (volume up to 200 mL) and washed them, by ultrafiltration, to remove the NADH; we then reduced the volume to less than 50 mL. The affinity column procedure takes about 5 h to complete. Step 6. Isoelectric focusing.
We mixed the LD-5 sample obtained from
Step 5 into the sucrose gradient as the "light" solution and carried out isoelectric focusing for 36 h. Figure  5 shows the resulting separation pattern.
Purification
The purification and analytical recovery of LD-5 at each step of the preparation are given in Table 1 , the overall yield being almost 40%, with a final specific activity of 459 kU/g of protein.
Purity of Preparations
The preparation was homogeneous by polyacrylamide gel electrophoresis at both pH 8.9 and 6.9. Isoelectnic focusing after the affinity chromatography step demonstrated that in addition to a single densely staining band with lactate dehydrogenase activity, there were several minor contaminants ( Figure 6 ). The minor cathodic and anodic contaminants disappeared after preparative isoelectric focusing, but the remaining anodic component was usually present.
We were unable to demonstrate lactate dehydrogenase activity in this contaminant, and the densely-staining protein band exactly coincided with the zone containing enzyme activity.
Michaelis Constant for Pyruvate
We obtained 30 value pairs. The velocity component of each 
lsoelectric Point
The human LD-5 had a p1 at 5 #{176}C of 9.59 (SD 0.04, n = 5). Almost 70% of the initial enzyme activity applied to the isoelectric focusing system was recovered within the main protein peak ( Figure 5 ). For comparison, we determined the p1(5#{176}C) of rabbit muscle LD-5 to be 9.16 ( Figure 7 ).
Discussion
Burd and Usategui-Gomez (2) obtained a 460-fold purification of LD-5 from human liver, with a 23% yield. We obtained a 493-fold purification, with a 40% yield. Burd and Usategui-Gomez used 500-g quantities of liver but we used about 100 g, although we have used as much as 300 g of liver, with appropriate scaling-up of the DEAE-Sephacel and 5'-AMP-Sepharose 4B columns. Therefore we believe that the method can be adapted to handle various amounts of liver, depending on the amount of purified enzyme required. The known lower limits of detection for the lactate dehydrogenase isoenzymes on the agarose gel electrophoresis system allow us to be certain that any contamination of the LD-5 by LD-4 must be <0.2%. Although the isoenzyme is likely to be homogeneous, it is evident from the analytical isoelectric focusing results ( Figure 6) However, no information was provided as to the lower limit of detection for the H subunit band, so that the extent of contamination, if any, of the LD-5 preparation by LD-4 is uncertain.
The isoelectric point of human LD-5 we determined (9.59, SD 0.04, n = 5; at 5 #{176}C) compares well with a value of 9.4 (temperature not given) reported by Weller et al. (19) . For comparison, we also determined the p1 of rabbit muscle LD-5 (9.16 at 5 #{176}C), which should be compared with the reported value of 8.6 (19,20) determined at an unstated temperature. Although the values for the p1 of rabbit muscle LD-5 differ somewhat, the isoelectric focusing profile we reported is almost identical to that given by Susor et al. (20) , suggesting the adequacy of our technique.
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